Apolipoprotein E (apoE) is an essential component of lipoprotein particles in both the brain and periphery, and exists in three isoforms in the human population: E2, E3, and E4. ApoE has numerous, well-established roles in neurobiology. Most notably, E4 is associated with earlier onset and increased risk of Alzheimer's disease (AD). Although possession of E2 is protective in the context of AD, E2 appears to confer an increased incidence and severity of posttraumatic stress disorder (PTSD). However, the biological processes underlying this link remain unclear. In this study, we began to elucidate these associations by examining the effects of apoE on PTSD severity in combat veterans, and on PTSD-like behavior in mice with human apoE. In a group of 92 veterans with PTSD, we observed significantly higher Clinician-Administered PTSD Scale and PTSD Checklist scores in E2+ individuals, as well as alterations in salivary cortisol levels. Furthermore, we measured behavioral and biological outcomes in mice expressing human apoE after a single stressful event as well as following a period of chronic variable stress, a model of combat-related trauma. Mice with E2 showed impairments in fear extinction, and behavioral, cognitive, and neuroendocrine alterations following trauma. To the best of our knowledge, these data constitute the first translational demonstration of PTSD severity in men and PTSD-like symptoms in mice with E2, and point to apoE as a novel biomarker of susceptibility, and potential therapeutic target, for PTSD.
INTRODUCTION
Posttraumatic stress disorder (PTSD) is a debilitating mental disorder that is characterized by re-experiencing, avoidance, and hyperarousal (American Psychiatric Association, 2013) . The detrimental effects of PTSD are often magnified by accelerated development of stress-related medical conditions, and PTSD displays a high comorbidity rate with anxiety and depressive disorders (Gadermann et al, 2012) . Following a traumatic event, many people experience traumatic stress symptoms, but rates appear to diminish quickly over the course of a few months (Rubin et al, 2005; Galea et al, 2003) . Thus, PTSD has been characterized as a condition in which a positive course of recovery from trauma is impeded (Yehuda and LeDoux, 2007) . It has been estimated that close to 90% of people are exposed to at least one traumatic event, such as rape, assault, disaster, rescue work, or combat, over the course of their lifetime (Kilpatrick et al, 2013) . However, PTSD develops only in a subgroup of people exposed to a traumatic event, with the lifetime prevalence of PTSD estimated between 7.8 and 8.7% (Kessler et al, 1995 (Kessler et al, , 2005 , thus supporting a role for genetic risk factors (Pittman et al, 2012; Yehuda et al, 2011) .
Why some individuals exposed to trauma develop PTSD and others do not is a longstanding question. Identifying specific genes that are associated with PTSD risk could provide new understanding of the cause of this disorder, and eventually lead to the design of new therapeutics. Several genes within the hypothalamic-pituitary-adrenal (HPA) axis (FKBP5, GCCR, CNR1), dopaminergic (DRD), and serotonergic (SLC6A4) systems have been linked to PTSD (Cornelis et al, 2010) . Genes encoding neurotrophins (BDNF), G-protein signaling (RGS2), and lipoproteins have also have been investigated, including the recent association of the ε2 allele of the gene encoding apolipoprotein E (apoE) with PTSD risk and symptomatology (Freeman et al, 2005; Kim et al, 2013) . ApoE is an essential component of lipoprotein particles both in the brain and in the periphery, and exists in three isoforms in the human population: apoE2 (E2), apoE3 (E3), and apoE4 (E4) (Mahley and Rall, 2000) . ApoE has numerous roles in behavioral and cognitive functions, including regulation of anxiety and cognitive performance during normal aging and in the context of neurodegenerative disease (Raber et al, 2003; Raber, 2007; Verghese et al, 2011) . Several neurobiological functions associated with PTSD have been shown to be modulated by apoE isoform, including hippocampal volume (Hostage et al, 2013) , cognitive impairment (Caselli et al, 2007) , and neuroendocrine alterations related to the HPA axis (Gil-Bea et al, 2010; Peskind et al, 2001; Raber et al, 2000) .
Compared with E3, E4 has been associated with decreased brain metabolism (Reiman et al, 2004) , deficient repair following injury (Laskowitz et al, 1998) , and earlier onset and increased risk of Alzheimer's disease (AD), whereas E2 is generally protective (Farrer et al, 1997) . However, E2 was recently associated with an increase in the risk and severity of PTSD in two studies (Freeman et al, 2005; Kim et al, 2013) . In the first study, E2 was associated with an increased risk of PTSD and moderated the interaction between PTSD and alcohol use (Kim et al, 2013) . In the second, E2 was associated with decreased memory function and more severe re-experiencing symptoms in chronic, combat-related PTSD subjects (Freeman et al, 2005) . Consistent with these two human studies, we recently demonstrated that homozygous mice expressing only human E2 exhibit impaired extinction of contextual fear memory (Olsen et al, 2012) . Impaired extinction of fear memory has been proposed to reflect the processes underlying the recurring and re-experiencing symptoms of PTSD (Jovanovic and Ressler, 2010) .
Although this recently identified link between apoE and PTSD is of great interest, the biological processes underlying this association remain unclear. In the current study, we sought to elucidate these associations by investigating the effects of apoE on symptomatology in humans with PTSD, as well as examining PTSD-like behavioral and physiological changes in a mouse model of human apoE.
MATERIALS AND METHODS
Participants, Cortisol Collection, ApoE Measurement, and APOE Genotyping Human data were collected as part of a larger clinical trial (n = 114). Participants were mostly male combat veterans from the Vietnam Era. Detailed descriptions of participants and data collection are available in the Supplementary Materials and Methods section. The study was approved by the Portland Veterans Administration Medical Center and Oregon Health and Science University institutional review boards. Written informed consent was obtained from all subjects. Data used in this analysis included genetic data for 110 individuals, 6 of whom were female (all E3/E3) and their data were not included in this study; complete clinical measures for 92 men; and cortisol measurements for 82 of these individuals. Salivary cortisol was collected at waking, 30 min after waking, and bedtime using Sarstedt Salivettes (Sarstedt, Germany) on two consecutive weekdays, as described previously (Wahbeh et al, 2008; Wahbeh and Oken, 2013) . Participants fasted for the waking and 30-min sample, and the importance of collecting the sample immediately upon waking and exactly 30 min after was stressed to the participants. Participants recorded their saliva collection times on a data sheet. Plasma was collected from unfasted individuals at the screening visit, and apoE concentrations were determined in diluted plasma (1:300) using a commercial assay (Abcam, Cambridge, MA). APOE genotype was determined from whole blood DNA samples, and cortisol values were quantified in duplicate with enzymelinked immunoassay (Salimetrics, State College, PA), by the Oregon Clinical and Translational Research Institute.
Experimental Animals
Mice expressing human apoE isoforms under control of the mouse apoE promoter (targeted replacement mice) were backcrossed for at least 10 generations to the C57BL/6 background (Knouff et al, 1999; Sullivan et al, 1997 Sullivan et al, , 1998 . Mice were fed normal chow diet ad libitum (Prolab IsoPro RMH 3000; Agway). All analyses were carried out in mice 4-5 months of age. Only male mice were used for the current study. All procedures were in compliance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and with IACUC approval at Oregon Health and Science University.
Chronic Variable Stress
To simulate the variable, extreme, and chronic nature of conditions experienced by military personnel in combat, we used a model of chronic variable stress (CVS) (Goswami et al, 2013) . Mice were exposed daily to multiple distinct stressors over the course of five consecutive days using a modified version of a previously described protocol (McGuire et al, 2010) . Mice were exposed daily to two of the following stressors over the course of the 5-day period:
(1) Cold water swim. Mice were placed in a beaker (diameter 12 cm, height 24 cm) filled with cold water (16-18°C) to a height of 12 cm for a period of 3 min. (2) Restraint for 15 min. (3) Food deprivation, overnight (12 h). (4) Intermittent white noise (300-10 000 Hz) was generated using white noise generators (Kinder Scientific) for 1 h. (5) Wet cage. Three hundred milliliters of water was added to the bedding of each cage and mice remained in the wet cage for a period of 3 h. (6) 45°Cage tilt. Cages were removed from the ventilation rack and placed on a 45°angled cage holder for 3 h. (7) Predator threat (odor) for 5 min. Odor exposure was performed by adding 10 μl of liquid odorant (5% 2,5-dihydro-2,4,5-trimethylthiazoline; TMT) to two pieces of filter paper (2 × 2 cm 2 ) affixed to the left and right test chamber walls before placing the subject into the chamber. TMT is an active compound derived from fox scent glands and elicits a prey fear response in mice (Ayers et al, 2013; Fendt and Endres, 2008) .
Anxiety-Like Behavior, Nest Building, and Activity Monitoring Anxiety-like behavior was measured using the elevated zero maze as described (Johnson et al, 2014) . Nest building was measured using an established protocol (Deacon, 2006) , and activity was monitored using home-cage activity sensors (Biobserve, St Augustin, Germany).
Fear Memory and Extinction: Hippocampus-Dependent Declarative Memory
Fear acquisition and extinction were analyzed using a Med Associates mouse fear conditioning system, and hippocampus-dependent spatial memory was tested using a modified version of the Morris water maze, similar to a previously described protocol (Johnson et al, 2014) .
Biochemical Analyses
Mice were administered a ketamine-xylazine-acepromazine cocktail and intracardially perfused with 20 ml PBS. The adrenal and pituitary glands were carefully dissected and brains were removed. The right hemisphere was regionally dissected as described (Spijker, 2011) , and dissected tissues were immediately frozen in liquid nitrogen and stored at − 80°C until analysis. Human apoE protein levels were measured in plasma and RIPA-homogenized tissues using a commercially available ELISA (Abcam). Corticosterone was measured in plasma using the ImmuChem Double Antibody Corticosterone 125I RIA Kit (MP Biomedicals, Orangeburg, NY).
Statistical Analyses
Data are expressed as mean ± SEM. Multiple groups and/or multiple time points were analyzed using repeated-measures or multivariate ANOVA, followed by paired or unpaired t-tests using GraphPad Prism (San Diego, CA) or SPSS software (Chicago, IL).
For additional information, see Supplementary Materials and Methods.
RESULTS

Mice with Human E2 Exhibit Impaired Extinction of Fear Memory
As deficits in the extinction of contextual fear memory likely contribute to the pathophysiology of PTSD (Jovanovic et al, 2009; Maren, 2001) , we examined contextual fear extinction in a mouse model of human apoE ( Figure 1a ) (Knouff et al, 1999; Sullivan et al, 1997 Sullivan et al, , 1998 . Acquisition of contextual conditioned fear was determined by comparing the percentage of time mice spent freezing during a 1-minute baseline period and the time following a mild foot shock. E2/E2 mice showed a slower increase in freezing rates during training compared with all groups except E2/E3 (Figure 1b ) (Po0.05). However, by the conclusion of the training session (final minute), the levels of freezing did not differ by genotype (Figure 1c) , and all groups showed significantly increased freezing following shock (Po0.001), suggesting universal acquisition of the conditioned fear (Figures 1b and c). Additionally, there was no difference in activity response during the foot shocks, suggesting a similar sensitivity and reactivity to the shock (Figure 1d ). E2/E2 mice showed a significantly slower decline in freezing over 4 days of contextual fear extinction compared with all other groups ( Figure 1e ) (Po0.05). Additionally, the rate of extinction, measured as the slope of the percent time freezing across all trials, was significantly slower in E2/E2 mice compared with all other groups (Figure 1e ) (Po0.05).
Cognitive and Behavioral Impairments in Mice with E2 Following Conditioned Fear Exposure
To assess the effects of fear conditioning stress on nest building behavior, we rated nest construction in the home cage at baseline and following fear conditioning (Figure 2a ). At baseline, there were no differences in the complexity of nests constructed (Figure 2b ). However, following the stress of fear conditioning, E2/E2 mice constructed less complex nests compared with other groups (Figure 2c ) (Po0.05), demonstrating a disturbance in typical home-cage behavior.
To determine whether the apoE isoforms modulate hippocampus-dependent cognitive function following a traumatic event, we measured long-term spatial memory before and after fear conditioning stress using the water maze. Before the stress, mice completed training in the visible and first hidden sessions. There were no differences in time to reach the platform or swim speed during the visible platform training, indicating intact task learning, motivation, and sensorimotor skills among all genotypes (Figure 2d , Visible). Likewise, there was no significant effect of APOE genotype on learning curves to locate the hidden platform (Figure 2d , Hidden). Seventytwo hours after training to locate the first hidden platform location (session 8), mice were given a test of long-term memory retention (Memory Test 1). All mice, regardless of APOE genotype, showed a preference for the target quadrant, suggesting robust long-term memory ( Figure 2e ).
Next, we examined the effects of stress on long-term memory in these same animals. To avoid the potential influence of varying degrees of memory retention, that is, a 'test-retest' effect, mice were trained to locate a new platform location. Seventy-two hours following the last training trial (session 12), mice were exposed to the fear conditioning stress, and immediately administered a memory test (Memory Test 2). Mice with E2 (E2/E2, E2/E3, and E2/E4) failed to show a preference for the target quadrant during this stress-paired memory test (Figures 2f and g ).
CVS -A Model of Combat Related PTSD -Increases Anxiety and Causes Behavioral and Circadian Disturbances in E2+ Mice
CVS is a model for many stress-related disorders, including PTSD. In this study, we exposed mice to a different stressor daily over subsequent days to simulate the prolonged and unpredictable stress conditions experienced by military personnel in front-line positions (Supplementary Figure 1A ) (Goswami et al, 2013) . At baseline, mice homozygous for E2 were less anxious, as measured in the elevated zero maze (Po0.001). Following CVS, however, E2/E2 mice showed a marked increase in a measure of anxiety, as evidenced by significantly less time spent in the open (anxiogenic) area (Figure 3a) . E2/E2, E2/E3, and E3/E3 mice all showed significant increases in anxiety-like behavior following CVS (Po0.05). Conversely, mice with E4 (E3/E4, E4/E4, and E2/ E4) did not show changes in anxiety-like behavior after the CVS exposure (Figure 3a) .
Activities of daily living (ADL) are often disrupted during PTSD (Zatzick et al, 2008) , and typical mouse behaviors such as nest building reflect general well-being and may share some psychiatric features with measures of ADL in humans (Deacon, 2012; Jirkof, 2014) . CVS reduced nesting scores in all groups compared with baseline (Figures 3b and c ) (Po0.05). E2/E2 mice were particularly sensitive, as they showed lower nesting scores after CVS than any other group except E2/E3 (Figure 3c ) (Po0.05).
PTSD is often associated with sleep disturbances (Germain et al, 2008) . To determine the effects of apoE on traumainduced circadian rhythms, we measured circadian homecage activity of singly housed mice before, during, and after CVS (Figure 3d ). There were no differences in the light phase, dark phase, or total activity during the 4 days of baseline readings, or during the week of CVS (Supplementary Figures 1B and C) . However, we observed a significant effect of APOE genotype on activity after trauma (Po0.001). During the week following CVS, E2/E2 and E2/E3 mice were hyperactive during the active (dark) and inactive (light) phases compared with other genotypes (Po0.001) (Figure 3e ). Furthermore, E2/E2 mice were the only group to show increased activity during the posttrauma light cyclea mouse's normal inactive phase-compared with baseline (Supplementary Figure 1D ) (Po0.05), possibly reflecting a disruption of normal sleep patterns.
Neuroendocrine and Physiological Alterations in E2+ Mice Following Stress
Impairments in the HPA axis, including alterations in the stress hormone cortisol, have been proposed to contribute to PTSD pathophysiology (Pitman et al, 2012; Yehuda and LeDoux, 2007) . We measured plasma corticosterone concentrations in mice before and after an acute stressor (fear conditioning). There were no differences in plasma corticosterone during baseline (Figure 4a, left) . However, compared with mice without, mice with E2 tended to have elevated plasma corticosterone in response to the acute stressor, and this increase reached significance in E2/E2 and E2/E4 mice (Figure 4a , middle) (Po0.05). Following CVS, plasma corticosterone concentrations were further elevated in all groups following an acute stressor, and again tended to be higher in mice with E2, although this effect only reached significance in E2/E3 mice (Figure 4a , right) (Po0.05).
Exposure to chronic stress frequently increases adrenal weight, and adrenal hypertrophy can indicate a chronically active HPA axis (Herman et al, 1995; Ulrich-Lai et al, 2006) . There was no effect of APOE on the weight of adrenal glands following fear stress (5 days of fear conditioning/extinction) (Figure 4b, left) . Following CVS, all groups showed significant adrenal enlargement compared with their respective adrenal mass following fear stress (Po0.001). This increase was most pronounced in E2/E2 and E2/E3 mice, as they had significantly larger adrenal glands compared with all other groups following CVS (Figure 4b , right) (Po0.001).
ApoE expression may influence HPA axis function, as it has been implicated as a modulator of steroidogenesis in the adrenal gland (Reyland et al, 1991; Thorngate et al, 2002; Zofková et al, 2002) . In plasma, E2/E2 mice had markedly elevated apoE concentrations. Heterozygous expression of E2 (E2/E3 and E2/E4) resulted in higher plasma apoE levels compared with mice without E2, whereas E4/E4 mice had lower levels than all other groups with the exception of E3/E4 ( Figure 4c ). We then estimated tissue apoE expression by measuring total apoE protein levels in the detergent-soluble fraction of several tissues critically involved in the fear conditioning stress response. ApoE concentrations in the adrenal glands, pituitary glands, and amygdala were all higher in the presence of E2, particularly E2/E2 mice (Figures 4d and f) .
E2 is Associated with Increased PTSD Severity and Alterations in Salivary Cortisol Concentrations in Combat Veterans
We next assessed the effects of E2 on PTSD severity in a group of 114 combat veterans enrolled in the VetMind study (Figure 5a ). Genetic data was available for 110 of these individuals, and the allele frequency was 5.3% for E2, 79.8% for E3, and 14.9% for E4, which is similar to previously reported APOE allele frequencies in the United States general population (Raber et al, 2004) .
To examine the effect of APOE on the severity of PTSD symptomatology, we analyzed participants for which complete clinical measures were available (n = 92). These 92 veterans with PTSD had the following genotypes: E2/E3 (9), E3/E3 (57), and E3/E4 (26). When grouped by APOE genotype, participants did not differ in age, years of service, time since the traumatic event, sleep quality, or in assessments of lifetime Test 1 ). All mice, regardless of APOE genotype, showed a preference for the target quadrant during the unstressed probe trial, indicating robust memory. (f) Seventy-two hours after training for a new platform location, long-term spatial memory retention was measured immediately after mice were exposed to a fear stress. Representative heat maps demonstrate inaccurate search patterns during the poststress memory test in mice with E2. (g) Mice with E2 failed to show preference for the target quadrant following fear stress, suggesting impaired hippocampus-dependent, long-term memory following a traumatic experience; n = 9-12 per group. Groups labeled with dissimilar letters are significantly different (po0.05, analysis of variance (ANOVA) followed by t-test). or combat-specific traumatic exposure as estimated by the Life Events Checklist and Combat Exposure Scale (Supplementary Table 1 ). E2/E3 individuals scored significantly higher on both the PTSD Checklist (PCL) and the Clinician-Administered PTSD Scale (CAPS), compared with those with E3/E3 and E3/ E4 genotypes (Figures 5b and c) . E2/E3 subjects scored an average of 64.1 ± 4.2 on the PCL compared with 54.3 ± 9.8 and 53.1 ± 10.5 for individuals with E3/E3 or E3/E4 genotype, respectively. Individuals with an E2/E3 genotype scored an average of 80.1 ± 7.8 on the CAPS, compared with 66.6 ± 13.3 and 65.9 ± 14.4 for individuals with E3/E3 or E3/E4 genotype, respectively. Although total CAPS scores were higher in E2/E3 individuals, scores for the three specific DSM-IV CAPS cluster symptoms of re-experiencing, avoidance, and hyperarousal did not statistically differ between the groups (Supplementary Table 2 ). PTSD has been associated with alterations in the normal diurnal fluctuation of cortisol levels in certain populations (Yehuda et al, 2005) . We examined salivary cortisol levels in 82 individuals with the following genotypes: E2/E3 (8), E3/E3 (48), and E3/E4 (26). Cortisol levels at waking and bedtime did not significantly differ by genotype. However, while E3/ E3 and E3/E4 individuals exhibited clear changes in cortisol levels across the day-significant increases in cortisol concentrations 30 min after waking and a significant decrease at bedtime-E2/E3 individuals failed to show such a rhythm. Although salivary cortisol levels tended to be lower at bedtime in E2/E3 individuals (P = 0.06 compared with waking), E2/E3 individuals failed to show an increase in cortisol levels 30 min after waking, as was seen in E3/E3 and E3/E4 participants (Figures 5d and e) . Additionally, APOE genotype was associated with varying levels of plasma apoE in the direction of E2/E34E3/E34E3/E4 (Figure 5f ).
DISCUSSION
In the current study, we show that several PTSD-like behavioral, cognitive, and neuroendocrine alterations are more pronounced in mice expressing human E2. These disruptions include a resistance to fear memory extinction in addition to hippocampus-dependent cognitive impairment, increases in anxiety-like behavior, and circadian and nesting disturbances following a stressful event. Furthermore, we demonstrate more severe PTSD symptoms and alterations in salivary cortisol in combat veterans with E2. Taken together, these results establish an interspecies demonstration of exaggerated PTSD symptomatology in the presence of E2.
Given the striking effects on PTSD symptomatology in our cohort of veterans, we turned to a mouse model of human apoE to further examine the effects of APOE on various neuropsychological phenomena associated with PTSD. To our knowledge, this is the first mouse model of human apoE to examine PTSD-like behavioral, cognitive, and physiological outcomes. To mimic the characteristics of our cohort of veterans, who were all men and whose median age was 21 years at the time of the traumatic incident, we used young adult male mice (4-5 months of age). Although the vast majority of human apoE mouse studies use only homozygous mice, it is very difficult to recruit a sufficient number of E2/E2 participants (genotype frequency o1%) (Raber et al, 2004) . For this reason, and to dissect out specific isoform contributions and potential opposing effects (for instance, in E2/E4 individuals), we included all six APOE genotypes in our animal model.
Abnormal regulation of fear is a core feature of PTSD, and patients suffering from the disorder exhibit deficits in learning safety in the absence of threat. Much like exposure therapy is applied to PTSD patients in the clinic, this phenomenon is commonly modeled in rodents using fear extinction (Kaouane et al, 2012; McGuire et al, 2010; Rau et al, 2005) . Consistent with our data showing more severe PTSD symptoms in E2+ veterans, we confirmed deficits in fear extinction in E2/E2 mice (Olsen et al, 2012) , suggesting that an abnormal processing of fear memory may underlie the apparent sensitivity of E2+ individuals to trauma. Anxiety and avoidance in patients with PTSD can also be modeled in mice using the elevated zero maze. We observed increases in anxiety-like behavior in E2/E2, E2/E3, and E3/E3 mice following CVS, and this increase in anxiety was particularly marked in E2/E2 mice. Interestingly, all the mice expressing E4 (E3/E4, E4/E4, and E2/E4) were resistant to this trauma-induced increase in anxiety-like behavior. Previous research in our lab and others suggest that mice and humans with E4 are generally more anxious (Raber, 2007) . In this study, possession of E4 appeared to protect against trauma-induced increases in anxiety, even in mice coexpressing E2. This may suggest a possible exaggeration by E2 (and conversely a buffering by E4) of the anxiogenic effects of CVS. Taken together with evidence in the context of traumatic brain injury (TBI), these results raise an interesting question: how is it that E4 appears to be poorer at negotiating physical trauma (TBI, stroke) (Shi et al, 2014; Zhou et al, 2008) , but perhaps more efficient at rectifying the psychological trauma of PTSD?
Another prominent feature of PTSD is memory disturbances, although these disturbances can vary widely. For instance, intrusive memories of the traumatic event fall under the re-experiencing symtpoms, whereas avoidance criteria include an inability to recall critical aspects of the trauma. Additionally, those suffering from PTSD often describe routine memory problems with emotionally neutral material (Samuelson, 2011) . PTSD has also been associated with diminished hippocampal volume (Smith, 2005) and function (Shin et al, 2006) . Stress can significantly affect memory, and evidence suggests that stress and APOE interact to affect memory (Peavy et al, 2007) . We show that when challenged with a memory test immediately after a fear stress, mice with E2 demonstrate relative impairments in long-term hippocampus-dependent memory. These E2-associated deficits in poststress memory recall occurred despite similar learning curves and similar memory retention in unstressed conditions. These data suggest that possession of E2 imparts a susceptibility to stress-induced impairments in memory, a finding in agreement with the memory disturbances reported in E2+ PTSD patients (Freeman et al, 2005) .
ADL, a measurement of a patient's functional status, are often hindered during PTSD (Zatzick et al, 2008) . In mice, nest building has been used to assess distress and suffering, as well as hippocampal damage (Deacon et al, 2002) and neurodegeneration (Cramer et al, 2012; Wesson and Wilson, 2011) , and may share neuropsychiatric features with measures of ADL (Deacon, 2012; Jirkof, 2014) . We observed diminished nest building behavior in E2/E2 mice 2 days after fear conditioning. Following CVS, deficits were present in all groups, but the effect was most pronounced in E2/E2 and E2/ E3 mice. PTSD is also associated with sleep disturbances (Germain et al, 2008) . APOE gene expression and protein levels fluctuate daily (Shen et al, 2009 ) and a patient's circadian rhythm and sleep quality also appear to be modulated by APOE, at least in AD (Lim et al, 2013; Robertson et al, 2005; Yeasavage et al, 2004) . CVS disrupted the normal activity patterns of all mice, but this effect was most pronounced in E2/E2 and E2/E3 mice. Especially important may be the increase in activity during the normal inactive (light) cycle, which may reflect sleep disturbances in the E2/E2 and E2/E3 mice. Although translation of nest building and circadian activity to the human condition is complex, these data suggest that E2/E3 and E2/E2 mice are particularly reactive to trauma. Although we did not observe any disruption in circadian rhythm in E2/E3 veterans with PTSD, at least as measured by sleep quality and disturbances (Supplementary Table 1 ), future studies using more sophisticated methods to analyze circadian rhythm in E2+ patients with PTSD may be warranted.
A possible link between apoE biology and the psychiatric features of PTSD involves the HPA axis (Freeman et al, 2005; Raber et al, 2000) . Low cortisol levels have been frequently reported in PTSD patients (Young and Breslau, 2004; Wahbeh and Oken, 2013) . However, the effects of APOE on cortisol levels in humans (Fiocco et al, 2008; Peskind et al, 2001 ) and mice (Raber et al, 2000; Reverte et al, 2014; Robertson et al, 2005; Thorngate et al, 2002) are less clear. Additionally, several studies have shown varying results when examining the relationship between APOE and cortisol on stress and cognitive function (Beluche et al, 2010; Gallagher-Thompson et al, 2001; Gerritsen et al, 2011; Lee et al, 2008) . Looking beyond basal levels of cortisol, Yehuda et al (2005) showed that the normal circadian rhythm of cortisol levels is flattened in Holocaust survivors with PTSD compared with non-exposed subjects. Interestingly, we observed a similar phenomenon in E2/E3 veterans with PTSD. In contrast to E3/E3 and E3/E4, cortisol levels in E2/ E3 individuals did not increase within 30 min of waking. Although our study is limited in power owing to the small number of cortisol samples from E2/E3 patients (n = 8), this apparent flattening of diurnal cortisol levels may point to pre-existing alterations in HPA axis function in E2/E3 individuals, or may instead reflect an E2-specific physiologic response to PTSD. Although we did not observe any differences in basal cortisol levels, mice with E2 tended to have larger stress-induced increases in cortisol. Additionally, we observed a substantial increase in adrenal gland mass following CVS, an effect that was magnified in E2/E2 and E2/ E3 mice. Chronic and psychosocial stress in rodents often leads to increases in adrenal weight and could indicate a chronically active HPA axis (Herman et al, 1995; Ulrich-Lai et al, 2006) . Perhaps, the lower receptor binding affinity (and elevated circulating concentrations of apoE in E2+ mice (Sullivan et al, 1998) and humans (Schiele et al, 2000) leads to altered signaling and impaired responsiveness in the regulation of steroidal synthesis.
Taken together, these data are consistent with evidence suggesting that genetic variability contributes to disparities in risk and severity of PTSD (Pitman et al, 2012; Yehuda et al, 2011) , and in particular with the identification of APOE as one of these genetic markers (Freeman et al, 2005; Kim et al, 2013) . In a group of chronic, combat-related PTSD subjects (n = 44), Freeman et al (2005) demonstrated an association between possession of E2 and more severe re-experiencing symptoms and poorer performance on several memory tests (1). Kim et al (2013) showed that allele frequencies differed between patients with PTSD and matched controls, with significantly more E2 carriers in the PTSD group (n = 128). Conversely, Lyons et al (2013) showed an interaction between E4 and combat exposure on PTSD symptomatology in veterans with PTSD (n = 39). Here, we report that in a group of 92 combat veterans diagnosed with PTSD, individuals with E2/E3 genotype had more severe PTSD symptoms compared with E3/E3 and E3/E4 participants, scoring higher on both the CAPS and PCL diagnostics. Discrepancies between these studies may be because of differences in participant age, combat exposure, severity of PTSD symptoms, the presence of comorbidities, or sample size limitations on the number of available E2 carriers for analysis. Additionally, although a TBI diagnosis was an exclusion criterion of our study, there could be the commonly comorbid, and potentially confounding influence, of physical trauma without loss of consciousness in combatants. As E4 is a predictor of poorer recovery following TBI, apoE isoform might modulate the response to physical trauma such as blast exposure in the absence of loss of consciousness as well (Shi et al, 2014; Zhou et al, 2008) .
Outside the association with PTSD, APOE has a role in several neurological disorders, which may share pathologic features with PTSD, such as TBI, anxiety, and memory loss. Interestingly, E4 is associated with increased risk and/or severity in all these disorders (Raber et al, 2003; Verghese et al, 2011; Zhou et al, 2008) . When considering the protective role of E2 in AD (Farrer et al, 1997) , in combination with the increase in PTSD symptomatology in E2+ humans and mice we present here, perhaps it is appropriate to think E2 as the effective 'remembering' isoform and E4 as the 'forgetting' counterbalance. One potential mechanism by which APOE genotype may influence PTSD pathology is through differences in central nervous system (CNS) apoE protein levels. This possibility is particularly interesting given that we observed differences in plasma apoE concentrations in our cohort of veterans with PTSD. APOE genotype has previously been shown to effect plasma apoE concentrations (Larson et al, 2000) . However, to the best of our knowledge, this is the first demonstration of this effect within a cohort of PTSD patients. A longstanding question in the field of dementia is the relative contribution of apoE isoform vs apoE concentration in AD pathogenesis (Johnson et al, 2014) , that is, whether it is the type or amount of apoE that is important. Could a similar query be of value in the context of PTSD? Variations in apoE levels or apoE function could affect a myriad of neurological processes important for memory, including synaptic plasticity, control of long-term potentiation, injury repair, neuroinflammation, and metabolism (Rogers and Weeber, 2008; Kim et al, 2014) . Several of these pathways have been proposed to have a major role in extinction (Maren, 2014) , and understanding the role apoE has in these neuronal processes may provide a framework for understanding its influence in the context of PTSD. Future studies designed to investigate apoE concentrations and function in the CNS of patients with PTSD, including cerebrospinal fluid and implicated brain regions such as the amygdala and hippocampus, may provide answers to these critical questions.
In summary, our data demonstrate a significant increase in PTSD severity and changes in cortisol levels in veterans with E2. Additionally, deficits in fear extinction, cognitive impairment, increased anxiety, altered nest building, and disruptions in circadian activity suggest a heightened sensitivity to trauma-induced behavioral abnormalities in mice with E2. The majority of people exposed to trauma do not develop PTSD, and individual differences in susceptibility to the disorder may stem from genetic variability. If PTSD is viewed as a condition in which a positive trajectory of recovery from trauma is obstructed, then identification of these points of susceptibility is imperative. Our data suggest that E2 may serve as one such biomarker of susceptibility. Subsequent studies designed to better understand the biological mechanisms by which E2 modifies the psychological and physiological response to trauma may help guide future approaches to treating PTSD.
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